E WLETT- PA CKARD JO URNAL 

TECHNICAL INFORMATION FROM THE -hp- LABORATORIES 



JULY, 1965 




A l-F Oscillator with 
variable phase output, p. 2. 
Wf SCON technical session, p. 12. 



COVER: LUNAR ECHOES 
ON FM RADAR, see p. 8. 

SEE ALSO: 



A LOW-FREQUENCY OSCILLATOR WITH VARIABLE-PHASE 
OUTPUTS FOR GAIN-PHASE EVALUATIONS 



A new l-f oscillator provides both sine and square outputs 
as well as adjustable-phase sine and square outputs over 
a range from 60 kc s down to 0.005 c/s. 



J. E$T SKMAU at frcquenr ies below the 
audio range are valuable in many ap- 
plications, including the check-out <>l 
medical anil geophysical equipment, 
servo-mechanism analysis, in process 
control testing, and as forcing [unc- 
tions for real time analogs o( media ni 
cal systems. 

The usefulness of an oscillator for 
these low frequencies is enhanced if it 
provides a second output waveform 
that can be phase-shifted in known 
amounts with respect to the primal*} 
output. Among other applications, use 
of the phase-shifted output simplifies 
measurement of the phase shift en- 
countered by a signal in propagating 
through a servo or process control sys- 
tem (see Fig. 3). The phase-shifted 
output is thus valuable for making 
gain-phase plots. 

Accordingly, a new (ow-frequenc) 
oscillator has been developed, one that 
has a second output channel thai can 
be phase-shifted continuously through 
a lull 3(>0 : range. Although the new- 
oscillator is intended primarily lor low 
frequency work, it has a 12.000,0(1(1 to 
1 frequency range extending from 60 
ki s down to 0.005 c s or, with options, 
down to as low as 0.00005 C s (5 hours 
for one cycle). 




Fig. I, -hp- Model 203A Variable Phase Function Generator simplifies 
measurement of gain-phase characteristics of circuits and devices, such 
as audio driver transformer shown here being checked throughout com- 
plete audio range with set-up diagrammed in Fig. 3 and explained in 
text. New generator has wide frequency range and variable phase out- 
puts adjustable over full 3W range at any output frequency. 



In addition to sine wave outputs, the 
new generator has sepaiate square 
wave outputs on both the reference 
and phase-shifted channels. All foul 
output signals, which have maximum 
amplitudes of 30 V p-p. are supplied 

simultaneously and all have indit idual 
Kl clli attenuators (see Figs. 2 and 5). 

Output signals from the new osc illa- 
tor, or Variable Phase Function Gen- 



erator as it is lormalh known, arc 
exceptionally i lean. The rms total of 
all harmonic distortion, hum. and 
noise on the sine wave signals is more 
than til dB below the fundamental or, 
expressed in another way. is less than 
0.06% of the fundamental (see Fig. 6). 
The new -hp- Model 203A Function 
Generator is thus well suited as a 
source of sine waves for critical tests of 
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Fig. 2. New -hp- Model 203A Variable Phase Function Generator 
has four output signals available simultaneously. Frequency range 
is from 60 kc/s at high end down to 0.005 c/s in seven overlapping 
ranges or, with options, down to 0.00005 c/s in nine ranges. 
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Fig. 3. Set up for phase-shift measurements 
using variable phase output achieves sharply 
defined null < see Fig. 9). 
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Fig. 4. Reference-phase square-wave out- 
put of Function Generator as viewed on 
oscilloscope triggered by variable-phase 
square-wave output. Use of variable-phase 
output as trigger allows reference phase 
signal to be positioned on CUT as desired 
(Upper trace: 20 im/cm: lower trace: 02 
Its/cm.) 

audio as well as sub-audio equipment. 
The excellent waveform purity is 
maintained throughout the entire fre- 
quency range of the instrument. 

The square wave lops are Bat and 
rise and tail limes are less than 0.2 n.s 
wild less ill. in f>" ( , overshoot (Figs. I 
and ;>). Square-waves ol this qualm arc 
well suited for iransieni response test- 
ing ol high-grade audio and other low 

irequeiK \ equipment. 

Frequency accuracy of the new oscil- 
lator is belter than ±1% at all fre- 
quencies anil the instrument may be 
quickly calibrated to local power lines 
operating within a <i<) to 1000 c/s fre- 
quency range. The instrument is tran- 
sient-free and permits rapid changes o( 
frequency without requiring a "set- 
tling down" period. 

APPLICATIONS OF A VARIABLE 
PHASE OUTPUT 

The phase-shifted output has a 
numbei ol useful applications. Obvi- 
ously, the phase-shilled square-wave is 



Fig. 5. Variable Phase Function Gen- 
erator supplies four waveforms si- 
multaneously, as shown by this 
oscillogram made by four-channel 
oscilloscope sensing all four outputs 
at same time. One sine wave and one 
square wave output (lower two 
traces) may be phase-shifted to- 
gether with respect to reference 
sine- and square-waves ( upper two 
traces). Each output has separate 
40 dB attenuator and is capable of 
■'10V peak-to-peak maximum voltage 



usclul as a sweep triggei foi anoscillo 
sco|>c. while either the sine or square 
wave output of the reference channel 
serves as a test signal for the device 
under examination (Fig. I). Any por- 
tion of the test signal waveform may 
then lx- positioned on the oscilloscope 
screen with the phase hi; dial of the 
new generator. 

The 1'Hask-Iv\g dial may also serve as 
a "manual scan" control for the Mose- 
lcy Model 101 VVavefoim Translator 
a useful arrangement foi making X-V 
plots of tests conducted at audio fre- 
quencies. The Waveform Translator is 
a sampling devic e designed to translate 
repetitive high-frequency oscilloscope 
T-Y patterns to a lowei Frequent v 
range for graphic recordings. As shown 
in the typical application diagrammed 
in Fig. 7, the Waveform Translator 
may be triggered by the variable-phase 
square-wave output of the Function 
Generator. Then by turning the phase- 
lac; dial manually, both the X and V 
waveforms may be si aimed In the sam- 
pling pulses at a rate compatible with 
X-Y rerordci operation. 
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Use of the variable phase signal itself 
as the test signal provides an operating 
convenience at very low frequencies, 
where one cycle may last for several 
minutes. An) portion <>l the waveform 

— for instance, the step transition in 
the scpiare wave serving as a stimulus 
for a real-lime analog computer system 

— may be quickly selected simply by 
turning the PHASE- LAC dial to re- 
position the waveform. 

Push pull oui puis, either sine wave 
or square wave, are easily obtained by 
setting the phase-lac; dial to 180 and 
using both ouiputs with the "com- 
mon" connectors as the center tap ol 
a balanced system. The common con- 
nectors are floated from c hassis ground, 
permitting offsets up to 500 V dc. 

Complex rec tangular waveforms are 
obtained simply by summing the ref- 
erence phase and variable phase 
square-wave outputs. Individual out- 
put attenuators and the controllable 
phase shift enable the- generation of a 
wide variety of waveforms (Fig. 8). 

A tec hniquc using the variable phase 
output for phase-shifi measurements 
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Fig. 6. Typical harmonic content in sine-wave output of Model 20,7.4 
Function Generator at 1 kc/s shows low distortion in output wave. 
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Fi« 7. Instrument si:l-up for making X-Y plots of H-H rum s obtained 
at audio frequencies. Phase Lag 'Hal <>/ Variable Phase Function Gen- 
erator permits manual control of both X and Y ivaveform scanning by 
Waveform Translator. Waveform Translator repetitively samples hotlt 
X and Y signals in oscilloscope, translating waveforms to equivalent low 
frequency signals /or operating X-Y recorder. (S<ime measurements may 
require addition of poller amplifier at "lief •!■" output ) 



is outlined in the block diagram >>l Fig. 

I lie reference phase supplies the 
sine-wave test signal foi the device un- 

del lest while the output "I the device 

is applied to the oscilloscope vertical 
channel. I he variable phase feeds the 
horizontal it)|)tit oi the ds( illosi upe di- 
rectly. In making I he measurement, the 
opera tut adjusts the I'llAst -l.Af. dial to 
close up the displayed ellipse to a 
Straight line with positive slope, which 
at hieves a sharply defined null i Fig. !>). 
I he phase shift in the system undei 
lest then is tead diretth Irom the set- 
tun; of the PHASE-LAC dial. No call illa- 
tions involving the parameters of the 
displayed ellipse or the settings oi the 
amplitude controls are required with 



















































I 













4 



Fig. 9. Double exposure oscillogram illus- 
trates use of variable-phase output in 
phase measurements, as performed by 
set up diagrammed in Fig. 3. Oscillator 
Phase I.ac dial has been adjusted to close 
up Lissapius ellipse in left-hand pattern. 
Null thus achieved is sharply defined. In 
right-hand pattern, vertical signal is dis- 
torted by flattening of positive peaks. Ac- 
curate phase-shift measurement can be 
realized nevertheless by adjustment of 
Phase Lag ilial to close up lower part of 
ellipse. 



this measurement. The method has a 
further advantage in that the measure- 
raeni is relatively, unaffected by distor- 
tion that ma) lie introduced in the test 
signal by the tlevite under test, as 
shown by the second pattern in Fig. !•. 

Phase-shift measurements may also 
lie made l>\ using the leading and (tail 

ing edges ol the variable?phase square 

wave as OS4 illosi ope intensity modula- 
tion markers for establishing phase re- 
lationships, as shown in Fig. I I. 

Anipliliei distortion lan l>e studied 
readily with the help oi a variable 
phase output. I he telerence phase 
serves as the test signal in the usual 
mantlet and the variable phase is used 
to null out the lest signal at the ampli- 
fier output, either in a resistive sum 
tiling network, or at the minus input 
of an oscilloscope with differential in- 
put. I hroiigh pioper adjustment ol 

the phase and amplitude oi the vari- 
able phase signal, the fundamental oi 

the lest signal can he nulled out. Iea\- 




Fig. 8. Complex rectangular waveforms 
obtained by summing Function Generator 
square-leave outputs in resistive network. 

ing only the distortion products for 
display. Phis technique is particularly 
valuable when the distortion compo- 
nents are very small. 

THEORY OF OPERATION 

I he requirement foi variable phase 
output led to the use of beat frequent v 
tci hniqucs in the new Function Gen- 
erator. This allows the phase shilling 
device to be placed in the fixed fre- 
quency channel where it always oper- 
ates at the same frequency. Calibration 
accuracy of the phase-shifter with re- 
spect to the reference < flannel is there- 
luie m, lint. lined at all limes regardless 

ol the selected output frequency. 

Where very low frequencies are con- 
cerned . however. Ixmi frequent) ostil- 
lators have been prone to excessive 
drift and loot her instabilities and tlis 
tortious caused b) the tendency ol two 
osc illatois to "lock in" when tuned to 
very nearly the same frequency. 1 hese 
problems wete overcome in the new 
low-frcqucncy oscillator by the use of 

techniques thai have been identified 
with frequency synthesis. 

Operation of the instrument on the 
highest frequency range (5 to fid kc s). 
is shown by the simplified diagram of 
the reference channel in Fig. 10, The 
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Fit:. 10. Simplified block diagram of reference phase channel 
in -hp- Model 203A Function Generator while operating on 
highest frequency range (3-60 kefs). 
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Kit:. II. I'huse-shtft measurement by 7.- 
axis Modulation of test waveform by differ 
entiated variable phase square-wave out- 
pal. Differentiated square wave brightens 
CUT traee on negative going steps and 
blanks traee on positive -going steps. Varia- 
ble phase stpiare wave is in phase lor ISIt 
out of phase/ with waveform applied to 
vertical deflection channel when blanking 

anil brightening spots are aligned along 
horizontal line mi CUT trace. Pliant- Lag 
dial on Function Generator then reads 
phase shift. 

Itxctl lie-queues is dciived li\ dividing 

down .1 crystal oscillatoi Frequency by 
.1 lactot <>i '.i. iht- factoi of «i being re 
quired by the frequency changing op- 
erations used f'>i the lowei frequency 
ranges. 

Ihc fixed-frequency output fFFO) 
from the : 9 dividei is heterodyned 
with the variable frequency oscillatoi 
(VFO) signal in a doubly-balanced 

mixer to derive the output signal Be 
i a use the sum Frequency and olhei 

products incidental to die process are 

so I. ii renitived From ihc eliflcrcnee 
frequency, they are easily removed hy 
filtering. 

I lie square-wave oul|iul is derived 
In applying the output sine wave to a 
i lipping amplifier and improving (lie 
lisetinie ol the resulting stjiiare-wave 
in a th -coupled tegeneiative circuit. 

Frcqucncs slal>ilit\ (see Fig. 12) in 

the new Function Generator has been 
at hieved l>\ t areful design ol the VFI • 

I he ost IllatOt li ansistor is operatetl at 
low toilet lor current lot good shoft- 
lerm stability while long term ami tem 

perature stabilities an- achieved by 
stringent specification ol the frequency- 
determining components (L and C). 

DECADE FREQUENCY DIVISION 

l he lower frequency ranges are <U- 
rtved hy Ircqucucy arithmeiic. as out- 
lined in the hlot k diagram of Fig. 1.1. 
In tit-si tilling the technique, we ma) 
consider the fixed frequency (555 kt s) 
as I ... iheiiAst.il ostillator Frequency as 
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Kin. 12. Graph of frequency stability of -hp- Model 20.IA Function Gen- 
erator shows effects of warm up and high and low line voltages. Instrument 
wus first turned on at 10 am at start of graph. At 12 o'clock, line voltage 
lias raised 10% above normal and then reduced to 10% below normal at 
1 24 pm. Line Voltage was returned to normal at 4 pm and from then on 
nils subject to normal line voltage fluctuations, ['eak lo peak short-term 
stability (determined by width of trace) is better than I part in 10\ 



01 and I he VFO F requeue \ as d.. Al l. 
Obviously, the heat lrequene\ lietween 
the fixed ami VFO frequencies is &f. 

Ihc VFO output is applied to the 
balanced mixer in a Decade Moduli 
where it heats with the crystal ost ilia 
lot liequentv |0I..). luned tin nils se- 
lect the sum Frequency component 
|0I„ (f„ — Af) I and this frequency is 
divided hy 10 lo ohiain an output 

if . — ^) which, ol course, dilie-is from 

the fixed frequency f„ hy _\f io. I his 

Fr equent v serves .is 1 1 1< VFO signal lot 
the instrument when the frequency 
multiplier switch is set to ■ 100, the 
next highest range, as shown in the dia- 
gram. The output frequent ies < overed 

in this range (0.5-6 ki rhus become 



exactly one-tenth ol those covered in 
the highest frequency range (5-(i()ke s). 

Although the frequency range has 
been divided hy 10. the relative siabtl- 
ii\ of the generator output on this 
range is the same as on the highest 
range. This is because any absolute 
instability in the VFO is also divided 
by 10 in the decade module. 

The output ol the lust decade mod- 
ule is also supplied lo the mixer ol the 
second decade module, as shown in the 
diagram of Fig. I I. where it is added 
to the c rystal oscillator Frequency (91 i. 
Fhe sum frequency output ol the 
mixer in this decade module is 

( 10f,. — ^-). and it is divided hy Ml to 

At 

obtain (f„ ~). This frequency is 
I no 
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Fi)?. 13 Block diagrum of frequency generating circuits while 
operating on next to highest frequency range tt). r >-i} kc/s). 
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Fig. 14. Block diagram of frequency-genernting 
circuits on lower frequency ranges. 



used as the VFO signal foi i lit- thud 
highest i.inge (5(1-(>I1II ( ,/s), once again 
reduc ing the tunable Output frequent y 
range by a Factor, ol exactly 10. Output 
stability likewise is preserved. 

This add-and-dividc-by-10 process is 
repeated four more limes in identical 
decade modules to obtain the lowei 
Irequency ranges. Space was lei I in the 
instrument for two additional modules 
to extend the frequency range by two 
Optional lower decade ranges. 
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Note that none of the frequency 
products within the instrument are 
very close to either the crystal oscilla- 
tor or variable frequency oscillator 
outputs. These oscillators therefore are 
not prone to instabilities or distortions 
that would result from a tendency to- 
waid "locking iui' as usually happens 
when two oscillators Operate at very 
near the same frequency! 

PHASE SHIFT CIRCUITS 

\n accurate goniometer, placed in 
the 555 kc s lixed frequency (FFO) sig- 
nal path leading to the variable phase 
output, develops the output that is 
phase-shifted with respect to the refer- 
ence Output (Fig. 15). The goniometer 
has two stator field windings, oriented 
at right angles and excited at 90 with 
respect to each other, and a pick-up 
+1 



coil (armature) thai can rotate within 
the staloi fields. The phase ol the sig- 
nal induced in the pick-up coil de- 
pends on the (oil's angular position. 
Careful design and adjustment of the 
staloi fields results in a linear relation- 
ship between electrical phase and an- 
gular position (I'ig- "')• 

File goniometer pickup coil is at- 
tached n> a shall tin ned by the front 
panel PHASE-LAG dial. Slip rings take 
the signal from the pick-up coil and 
the shaft may thus be continuous-turn- 
ing, allowing any amount of phase 
shift to be iiauked into the variable 
phase signal. 

The amount of phase shift intro- 
duced into the fixed frequency path of 
the variable phase channel is trans- 
lated into an equivalent phase shift in 
the heterodyned output frequency. 

Following the goniometer and asso- 
ciated parts, both the sine and square 
wave circuits of the Variable Phase 
channel are identical to those in the 
Reference Phase channel. A minimum 
differential phase shift therefore exists 

between the two channels, thus pre- 
serving the phase relationship estab- 
lished by the goniometer. 

DC OUTPUT CIRCUITS 

The mixers which produce the dif- 
ference frequency between the FFO 
and VFO are dc-coupled, douhh-hal- 
anced low-distortion modulators. Any 
dc diilt c aused by temperature c hanges 
or voltage drifts in the circuits could 
have a rale of change comparable to 
the very low frequency outputs, and 
would thus be a source of distortion, 
lb reduce this, each output amplifier 
has a differentia) input. A "common- 
mode'' correction signal, correspond- 
ing to drift sensed in the modulator, is 
applied to the out-of-phase input of 
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Fig. 15. Variable phase channel has phase 
shifter in fixed frequency path but other- 
wise is identical to reference 
phase channel. 



F'ig. 16. Plot shows small departure from linearity of Phase Lag dial 
of typical Model 203A Variable Phase Function Generator. Errors 
were determined at output of about 300 c/s by comparing Phase Lag 
dial reading to phase difference as measured between Reference and 
Variable channels with time interval meter. 
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ibe differentia] amplifier id obtain <l< 
stability ol .1 high order. 

AMPLITUDE STABILITY 

Vutomatit level control in the Rf 
aropUliers mot shown) which precede 
1 hf output Dttxei hold the mixer in- 
puts .11 a constant amplitude irrespec- 
tive hi the tuning ol the instrument. 
I he mixci itself operates with 1 onstani 
gain and the output amplifier has 60 
tlB nl feedback lor gain stability, as 
well as low distortion. f"he output fre- 
quency response therefore is level 
within ± l"„. referenced to the output 

level ;it I ki s. .is shown in Fig. 17. The 

long term output amplitude stability, 
including warm-up drift and |><>wei 
line variations of ±10%, likewise is 
belter than ±1% ( • 0.1 <IK) and the 
instrument retains this stability despite 
changes in time, temperature, or fre- 
quency, in a laboratory environment, 
amplitude stability is typically within 
I part in ID'. 



+ 0.5* 



SPECIFICATIONS 
-hp- 
MODEl 203A 
VARIABLE PHASE FUNCTION GENERATOR 

FREQUENCY RANGE: 0 005 c/s to 60 kc/s in 

seven decade ranges." 
DIAL ACCURACY: J 1:. of reading 
FREQUENCY STABILITY: Within -1% Includ 

ing warmup drift and line voltage variations 

of ±10%. 

OUTPUT WAVEFORMS: All waveforms avail 
able simultaneously. All outputs have com 
mon chassis terminal. 

REFERENCE PHASE Sine Wave and Square 
Wave 

VARIABLE PHASE Sine Wave and Square 
Wave, continuously adjustable in phase 
from 0-360" 

PHASE DIAL ACCURACY: -5" sine wave: 
» 10 ' square wave. 
OUTPUT SYSTEM: Direct coupled output is 

isolated from ground and may be operated 

floating up to ^500 V de. 
MAXIMUM OUTPUT VOLTAGE: 30 volts peak 

to peak open circuit for sinusoidal and 

square waveforms 
OUTPUT POWER: 5 volts rms into 600 ohms 

(40 mW). at least 40 dB continuously adjust- 
able attenuation on all outputs 
DISTORTION: Total harmonic distortion, hum 

and noise >64 dB below fundamental 

«.06%). 

AMPLITUDE STABILITY Iwith respect to fre 

quency): tt% referenced to 1 kc/s. 
SQUARE WAVE RESPONSE: 

RISE AND FALL TIME: • 0J»s 
OVERSHOOT: <S%. 

POWER: 115 or 230 V .•_ 10': u . 50 to 1000 c/s. 

approximately 25 watts 
SIZE: BV4 in high . 16 '. in wide i 1116 

deep 

WEIGHT: Net. 19 lbs 4 02 18.66 kg) Shipping. 

approaimately 25 lbs 1 1 1.25 kg) 
PRICE: 

MODEL J03A SI. 200 00 

OPTION 01 Add $40 00 

OPTION 0? Add $80 00 

Prices to b factory. 
Data subiect to change without notice 

" T*o lorn*' rangei of 0.0005 c/s (option: 01) and 
0.00005 c/s (option: 02) are available on special order 
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Fin- Amplitude vs frequency for typical -hp- Model 
203 A Variable Phase Function Ceneratur. 



CALIBRATION 

The instrument frequency an mat \ 
is verified quickly \>\ setting the mui> 
1 ii-i im swiu fi to the cm position. I his 
leeds both l he powei line ac and one 

ol the square wave outputs to the pilot 
lamp. Which then Milkers at twite the 
resulting beat rate. With the dial sei ai 
"li" loi (it) < s power lines, 01 .11 other 
positions for other line frequent ies or 
tubhaimonks of line frequencies, the 
\ 1<) Iretpiency may Ik- trimmed with 
.1 from panel screwdriver control to 
reduce ihc beat frequency to zero. 



(hereby calibiating the instrument to 
the power line frequency. This one ad- 
justment calibrates the instrument for 
all ranges, because ol the exact .10 
relationship between ranges. 
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the -hp- Model 412A DC Voltmeter. At 
present, he is concerned with electronic 
designs in systems for chemical analy- 
sis at the -hp- Mechrolab Division. 

Don is a member of Phi Beta Kappa 
and Tau Beta Pi He is an active amateur 
radio operator and was chief designer 
of the OSCAR III Translator Satellite 
which was orbited by the Air Force on 
March 9. 1965. 

* Donald E No>(iar4, "the Phaie-Shift Mellon of 
Single Sideband Generation, " and "The Phase-Shift 
Method of Single-Sideband Deception," Pf»c. Itt. Vol. 
44. No 12. Dec. 1956 
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EXTRATERRESTRIAL AND IONOSPHERIC SOUNDING 
WITH SYNTHESIZED FREQUENCY SWEEPS 



by 

G. H. Barry and R. B. Fenwick 
Radioscience Laboratory, Stanford University 

INTRODUCTION 



Properties of the earth's upper atmosphere and ot inter- 
planetary space are currently the subject of intensive investi 
gation. Before the advent of rockets and space vehicles, radio 
signals had been used for many years to probe this region 
and they still provide a convenient and inexpensive exploring 
means even though direct measurements now are available. 
One organization engaged in research using radio and radar 
techniques is the Radioscience Laboratory of Stanford Uni- 



versity whose scientists succeeded this year in applying the 
well-known advantages of "Chirp" radar to the problems of 
ionospheric and extraterrestrial radio sounding. The advance 
was made possible through a novel application which used 
the -hp- Frequency Synthesizer for synthesizing highly-accu 
rate frequency sweep signals. This application is described in 
the accompanying article by Drs. George Barry and Robert 
Fenwick of the Radioscience Laboratory at Stanford. 



M. 



osi of "in present understanding 
<i[ the ionized tippet atmosphere has 
been obtained from pulse radar studies. 
One "l the must useful measurements 

of l he ionosphere is ;i profile ol elec- 
tron density versus heigh' above a spec - 
died point on the earth. Vertical-ine i 
ill in i- radio sounders (jonosondes) have 
lor many veais been used to give "vii 
trial heiehi"-versus-frequenc) records 
from which the elec tron density may 
be deduced. The operating frequency 
ol the ionosonde is varied slowly across 
the hi (.S-.SlI MH/) dequeue v range, 
and the sounder refolds the apparent 
height at Which the ionosphere reflects 
signals. Reflection occurs where the 
electron plasma frequency equals the 
probing radio frequent v. so the meas- 
urement gi\es. (or each frequency, the 

height at whic h the e ot responding elei 
iron density exists, dotip-time-dela) 

versus frequency "ionograms" are ob- 
tained by photographing intensity- 
modulated displays of the received 
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Fig. 1. Lunar eehtHI Obtained Ol Stanford (hiicersity by FM radar operating with 
carrier sweep of 24.9 to 25.0 Mil:. Vertical scale represents normalized time delay 
between transmitted and rei i'ired signals as denred from frequency difference be- 
tween signals. Curve of bright edge represents change of distance between earth and 
moon during measurements Faint lines running parallel to bright edge result from 
delayed echoes scattered by prominences on moon. 



pulse signals. An example is shown in 
the lower record of Fig. 2. 

I lie ionosonde measures the iono- 
spheie direi tly overhead, and horn this 
inloi in.uion it is possible to predict the 
behavior of radio signals propagating 
IxMwcen separated points on the earth's 
surface. A more direct measurement 
ol propagation conditions over actual 
roramunications paths is provided by 
oblique sounding. With this n-< hnicjiie. 
the equipment performs the same fun - 
lions as the vci tie al ine idem e soundet 

tlatismitting and receiving pulse sig- 
nals ovel the entire hi frequency range 

but is more complex since the nans 
millet and leceiver are separated 



geographic alls but must operate in 
synchronism. From cddiquc-soundci 
records, the hi radio communicator 
can determine which frequencies are 
propagating, and how well. 

Certain characteristics of the iono- 
sphere, such as ionospheric iiregidaii- 
ties and layei tilts, ate l>cst studied by 
a technique which gives an overall 
riew ol a laige area, rather than local- 
ized information such as is provided 
bj vertical-ini identic or oblique sound 
ers. While networks of sounders have 
been used, an alternative technique is 

tin use- ui ground backscattei sounding 
to suives large areas from a single lo- 
cation. A baekscaltcr sounder makes 
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Fin. 2. fonograma obtained 

during same epoch by 
Chirp" radar operating 

C'W with output power ol 

20 ntW (upper photo) and 

conventional 2-kW, 50-p* 

pulse sounder (lon er pho 

lot. Broad vertical stripes 

in pulse sounder ionOgTOm, 

only faintly visible in FM 

radar, result from inler/er- 
enee. 
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use ol tin- 1. ii i ih.it radio energy, after 

ioiiosptit-i i< reflection, is st altered 
When ii Strikes the earth Some of the 
ground-scattered energy can thus lx- 
deter ted at a rci elver lor ated at or near 
the transraittci . I he time delay defines 
the range «• the scattering region, and 
changes in ionospherti refraction and 
for using are apparent on records ol 
the baefcscattci e< hoes. 

R.nhii measurements are not re- 
stricted, ol course, t" the region be- 
neath the earth's ionosphere. Echoes 
are obtainable from the sun, moon, 
.mil planets as well. I he electron ton- 
lent ol spate Ix'vond the ionosphere 
tan Ik- inlettetl (nun the behavitu ol 



radio echoes obtained from the moon. 
For this purpose, anil also to explore 
the scattering behavior ol the lunar 
sin late, the Center for Radar Astron- 
nm\ i Stanford has conducted ratlat 
measurements of the moon at 25 and 
SO Mil/ (Fig. I). 

CHIRP SOUNDING 
I he ionospheric and lunai measure- 
ments described in the preceding have 
been obtained, or at least attempted', 
in the past Using pulse sounders. The 
possibility ol improving record quality 

through the application ol frequency- 
sweep or 'Chirp-radar techniques had 
lieen recognized lot several sears. I he 
Chirp radar uses a linear-frequency- 
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Fig. 3. Frequent y-ttmc representation of pubc and Chirp radar 
signals. Time delay Af of Chirp radar echo is derived from fre- 
quent -y differerue -V between transmitted and received signals. 



modulated pulse which results in two 
sign i In ant ad\ a wages — higher average 
pouei .» ml less vulnet ability to narrow- 
band interference. The Chirp tech- 
nique had not. however, been applied 
in hi radio sounding because ol the 
lack "I a sufficiently an urate fre- 
quency-sweep signal. \ newly-devel- 
opc-d w.tvelotm synthesis technique 
now overcomes this problem and pro- 
duces records ol much improved qual- 
ity, as shown in ligs. 2 and 8.* 

Fig. 3 shows a frerpient > time repre- 
sentation ol pulse and Chirp signals, 
together with sounding echoes Iroin 
these signals. For the same bandwidth 

(as shown), the two systems have identi- 
cal time resolution! I he FM sweep, or 
Chirp, achieves much higher average 
power because the duration of the Ire 

quency-sweep signal can made arbi- 
trarily long- 

Chirp radar's increased immunity to 
narrow-band interference is important 

in this application because of the ap- 
parent high percentage <>f occupancy 
of the hi radio spectrum (Fig. I). In 

sounding work a time resolution t<> an 

act mac y of Ml to f>0 „s is generally de- 
sirable, implying pulse receive! band- 
widths ol 20 to l"<> 1.11/. With an 
FM sweep system, though, the receiver 
bandwidth ma) !*■ made arbitrarily 
small simply l>\ slowing down the 
sweep rate (provided, ol course, thai an 
arbitrarily-accuiaie frequency sweep is 



1 The technique was developed at Stafford under suopurl 
from the Advanced Research Protects Agency through the 
Office of Naval Research. Contract Nonr 225(64) 
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Fig. 4. lleceiver handividths are shown 
here supci impi-scd <m typical interference 
spectra encountered in hf communications 
band. Pulse receiver requires broad band 
width for range resolution. Bandwidth of 
scanning FM (Chirp) receiver can be 
made arbitrarily narrou with no loss in 
resolution. 
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Fin. 5. Block diagram of FM radar system used in experiment* described 
in text. Receiver system is located some distance from transmitter site 
to reduce direct signal between sites and uses second synthesizer to 
translate received echo to IF of receiver. Second synthesizer tracks 
transmitting synthesizer with appropriate frequency offset. 



available) Seen through .1 receivej 

hanchv idlh of .1 lew hundred 1 y< Ies, the 
Id spec 11 inn is neai Is unoci 11 1 lied. Fiu - 

thci, 1 1 it- receiver maj lit- gated nil 
when unusable frequent ies ""■ em oun- 

Icieel, removing the inlei fcrene e with 

negligible loss ol desired signal. The 
analogous process may, <>l course, In' 
performed by inserting multiple 

noli lies in I he lic<|iicnc\ i espouse ol 

;my sounder bm the rejection is no- 
tably simple! 10 implement in the time 
domain. 





Fig. 6 -hp- Model 5100/5110 Frequency 
Synthesizer generates high-stability signals 
in 0.01 Hz increments from dc to 50 MHz 
Output frequency can he controlled man- 
ually by panel keyboard or remotely by 
electrical signals. For frequency weep ap- 
plications, synthesizer is modified, with 
some sacrifice in speilral purity, to permit 
frequency change in 0.1 »s: switch is added 
to permit phase alignment of internal sig- 
nals at turn-on by manual interruption of 
divider cin uits. 



Anolliei advantage ol KM s\sleins is 
the simplicity of data reduction pos- 
sible with .'i linear sweep. In order to 
generate a display of echoes versus 
range, more general pulse-compression 
techniques require either a tapped de- 
lay line having an accurals < ommen- 
suraie with the system time-bandwidth 
product, or a separate cross-correlation 
analysis lor every range interval of in- 
terest A lange display can he obtained 
from a Chirp radar simply by spec- 
trum-analyzing the receivei output. 
This convenience arises as a result ol 
the lineai frequency sweep. A fixed 

lime delay At corresponds to a fixed- 
frequency offset ai, where aI = — At. 

ill 

Ihe spectrum (amplitude-frequency) 
ol the leceived signal thus becomes the 
normal Vscope (amplitude-range) dis- 
play . 

SYNTHESIZING A LINEAR 
FREQUENCY-SWEEP 

I he linear-sweep radat devised at 
Stanford is shown in the basic block 
diagram of Fig. 5. This system makes 
use of the laci that a variable-frequency 
signal may be approximated bv a suc- 
cession ol fixed-lrecjucncv segments to 
whatever accuracy may be desired (Fig. 
10). A lineal frequency-sweep is par- 
ticu'larly simple to achieve since the 
successive frequencies are equally 
spaced and are used for equal time in- 
tervals. The -hp- Model alOOA 51 IDA 
I- requeues Synthesizer provides a 

• 10 • 



100 kHz 190 kHz 
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TIME (j.s| 

Fir. 7. Oscillogram shows example of 
swept frequency output of modified syn- 
thesizer. 

choice from among five billion fixed 
frequencies, all equally spaced and di 
lecilv synthesized from a frequency 
standard. It is tempting then to hope 
thai a nearly-ideal linear sweep might 
be generated by simply controlling the 
frequency of the synthesizer from an 
instrument similar to a digital time 
code generator. This is essentially the 
case. 

If a piece-wise i oust an (-frequency is 
to approximate a r ontinuously-vary. ing 
one. the transit ions from one frequency 
to the next must be made with phase 
continuity. Otherwise, the result is a 
phase-coded pulse rather than a fre- 
quency sweep. Phase ( ontinuity can be 
obtained at the output of ihe synthe- 
sizer by insuring that all frequency 
switching within the sy nthesizer is per- 
formed at instants when the "old" and 
"new" frequencies have identical 

phase. Foi innately . all frequent ies pro- 
duced bv the -hp- 5 100 A Synthesizer 
are selected by switching from among 
signals spac ed at multiples of 100 kHz. 
so i 1 1st a 1 1 1 s ol phase equality between 
new and old signals can be relied upon 
to occur every 10 ,,s. If. on the oilier 
hand, the output were chosen from a 
large number ol separate oscillators, 
the problem would be much more diffi- 
cult, A frequency spacing ol. say. 1 Hz 
between adjacent oscillators would re- 
sult in the occurrence ol phase equality 
only once per second. The approxima- 
tion to a continuous frequency sweep 
which could be generated with such 
infrequent switching would be poor 
indexed. 

Modification ol the synthesizer is 
necessary to insure that all possible 
signal lomponcnts within the svnihe- 
sizei arrive at the desired switching 
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RECEIVING ANTENNA OPERATING RANGE - 




FREQUENCY (MH;I 

Fit;. 8. hmogrums made by oblique sounding over 2000 I: m path 
with 20-mW Chirp radar (left I anil by baeksi alter technique Willi 
KM) IV Chirp radar (right ). Lowest line (left ) is signal reflected by 



16 20 
FREQUENCY IMHi) 

sporadic K layer: upper curved lines are (in order) K-layer and 
one- and two-hop F-layer signals. Diffuse nature of return signal 
(right) occurs as result of graundscutter from range continuum. 



|>Ii.inc together. When I his is done, a 
i hange can be made to .my desired tick 
frequency, without cumulative phase 
cirois. .ii instants separated by l(l ;i soi 
an) multiple ol K) its. 

Swiii hi tig I lit- sviillicsi/ci cvct y 10 ;.v 

however, requires modifications o{ in 
lernal I r«.'<| iifin \ ^ • 1 1 • " .U 1 nils. I he 
ltc(|iiem y-switi lung speed of the ~f>p- 
synthcsizci is onlj specified as less than 
I in-,, although mosl frequent > < hangcs 
.irr completed in much less than this 
lime. Switching in the modified syn 
ihesi/er is completed in the order ol 
I HO in >m'i onds.* \ photograph illus- 
irating frecpiency sweep I mm 100 kll/ 
to 190 kl 1/ in 100 ,,s is shown in Fig, 7. 

EXPERIMENTAL RECORDS 

The reality oi Chirp radar's com- 
bined advantages ol high average-ten 
pcak power ralio and intcifcrencc re- 
jection is demonstrated by the com- 
parison ol Fij>. li. The lower record was 
taken al Stanford with a (onvenlion.il 
lonosonde (Model C-2). I he sonndei 
iransmils '>0-,,s pulses al a peak power 
ol L' kW. The upper record was made 

using the Chirp radar with a modest 
output power (actually, the 20 milli- 
watts from the synthesize! applied di- 
rectly to the antenna). The Chirp 
ei hoes were recorded on maguclic tape 
and later spectrum-analyzed to make 
the record shown. Since the recorded 
signals represent a continuous sweep 
across the entire hi spectrum, lite tape 

(an he analwecl using various lillei 
bandwidths to provide any desired 
Irade-oll helweeu lie«|uen(\ resolulion 
and e( ho-timc-dclas resolution ( onsisi 
cm wiih the dispersion and delay ol 
ionosphci ically-iellcclcd signals. A 
nine resolution «>l 20 /,s is general!) .1 
good compromise lor ionospheric 
sounding, and a spectrum analyzer 

* Modified »ntnes,ier» logeihur mih approonate control 
circuitry Are no* available commercially from AcphetS 
Technology Incorporated. Pilo Alio. Cilifornu 



bandwidth cquivaienl i<> 20 /is was 
used in preparing Fig. 2a. 

The 20-m\V out [tin Iroin the swiihe 
si/er is also adequate to make acccpl 
able oblique ionograras* as shown in 

Fig. «, A more demanding application 

is the case <>l backscattet sounding, 

where the received powei is a much 

smaller fraction oi thai transmitted, 
Prioi to tin- advent ol sweep-frequenc) 

sounding, the available liansmillei 

power has been taxed 10 produce rec- 
ords ol the desired resolution, es|K-- 
cially in ihe piesence of the inevitable 
interfereiK e. A 100-W" FM sounder has 

been shown 10 have resolution com- 
parable to a (onveulion.il pulse- 
sounder operating wiih 50-kW, loo /( s 
pulses (Fig. 8). 

In lun. 11 1, 111. 11 studies ( ondiK led bv 

the Stanford Centei fot Rad.u Astron- 
omy, ease ol data leduction provided 
the motive for use of the Chirp lech 
niqtte. Expeiiuienls aie in progress lo 
explore the si altering liehavioi ol the 
I11n.11 SUrl.uc and lo determine the 
elei tiou (onteni between (he earth and 
the moon. Both demand a radar range 
resolution of 10 / L s or beiier. While 
(oded pulse transmissions were orig- 
inally employed for the lunar sound- 
ing, the. data-handling pioblems wctc 
-•Mil teipiii mi: analog in digital . on 
version and recording <>i several chan 

nels ol wideband signals lot latei i ross- 
coi relation on a (onipuier, I he Chirp 
ec ho signals occupy only a narrow 
bandwidth and arc easily analyzed 
wiih an audio-lHijuem y analy/er. The 

system is employed routinely 10 obtain 
records like that shown in Fig. I. 

SWEEP ACCURACY 

Ii is interesting to considet the de 
giee 10 which a sMithesi/ed frequency 
sweep departs from the ideal linear 
sweep. Ignoiing inaccuracies in phase 
alignmeni within the synihesi/er. con- 



sider the spurious signals which arise 
from the staircase frequent y ( harm ter- 

isiii ol the synthesized signal. 1 he solid 
curve ol Fig. 9a represents the synthe- 
sized sweep and the doited c uive is l he 
desired ideal linear sweep. The differ- 
ence between ihem is the sawtooth 

frequency error ol Fig. 9b Integrating 

the Irccpicncs enoi gives the phase el 
for, a seiies ol paiaholu cuivcs shown 
in Fig. '.)( . I he peak to-peak phase 
error H. may be easily shown to be 

^1,1, radians, where f, and I, aie lite 

frequency and time increments of the 
syulhesi/iug sweep. 

"Ihe importance of ibis phase error 
is most easily seen by imagining that 
the ideal linear sweep is represented 
by a phasor (Fig. I Oa) . Ihe actual syn- 
thesized phasor oscillates about the 
ideal phasor as show n in Fig. I Ob. For 

small p-p phase error, the oscillating 
phasoi ma\ be considered as the sum 
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Fig. 9. Synthesized \requency-swvvp is 
shoun in (a) as step-wise approximation 
lo ideal sweep. Resulting frequency and 
phase errors are shown in (b) and (c). 
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Fig. 10. Representation of frequency 
sweep by phasors. Phasor representing 
synthesized sweep (b) oscillates back and 
forth through pcak-to-peak phase error s. 
and may be represented by l ector addition 
of ideal sweep phasor and small ampli- 
tilde-modulated signal in phase quadra- 
ture (c). 

ol ilic ideal phasor ami an amplitude* 
modulated spin ions signal in phase 
quadrature (Fl£ 10c). The resulting 
side bands may be readily calculated in 
detail and the results show the total 
power in these split ions sidebands to 
be lower than the desired signal by 
an amount 

11.5 -f- 20 log-J-dB. 

Mi 

Most synthesized Chirp sounding to 
date has employed a sweep rate o( 1(1(1 
kHz/sec or frequency and time incre- 
ments (f, and t,) of I Hz and 10 
respectively! These values give a total 
spurious power of — 1 1 M dB relative 
to the ideal sweep signal. Obviously, 
for these values, the spurious output 
level is determined b\ equipment im- 



Fig. II. F)rs. George Barry (standing left I and Robert Fenwick (cen- 
ter) of Stanford University's Radioscience Laboratory discuss synthe- 
sized frequency sweep system with Victor Van Duzer (seated left) and 
Alex Tykutsky of the -hp- Frequency Synthesizer development group. 



perfections rather than the stepwise 
frequency approximation. Even for 
sweep tales as high as 100 MHz sec, the 
approximation results in spurii over 
5(1 <IB below the ideal signal. 

Generally, a much more important 
source of phase errors is the residual 
phase misalignment which exists at 
times of frequency switching. The 
Spurious signal components which re- 
sult I mm these phasing errors lie c lose 
to the ideal signal, rather than KID kHz 
or further away as is the ease of energy 
from staitcase-Itetjuency errors. 

FUTURE APPLICATIONS 

The potential applii ations for pre- 
cise variable-frequency waveforms ap- 



pear to be limited only by one's imagi- 
nation. In principle, any waveform can 
be approximated to arbitrary accuracy 
by the tec hnique. Immediately obvious 
applications are further uses of linear 
sweeps for sounding — throughout the 
radio spectrum and for sonar and geo- 
logical exploration as well. 

Non-linear synthesized sweeps have 
not yet been put to use. Possible appli- 
cations occur in the fields of network 
measurement, communications and 
Doppler tracking. 
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VOLTAGE AND TDR MEASUREMENTS TO BE DISCUSSED AT 
WESCON/65 TECHNICAL SESSION 



Voltage Measurements, from DC to Microwave, and Time Do- 
main Reflectometry will be discussed in depth during Technical 
Session No. 8 at WESCON/65 (Aug. 24-27). This is one of the 
WESCON technical sessions organized by industry, each of which 
will present a "project team" discussing a single project or pro- 
gram in closely related papers. Session 8, organized by Hewlett- 
Packard, is devoted to electronic measurements covering the two 
topics: voltage measurements and TDR. The program, to start 
at 10:00 a m. on Aug. 25. is scheduled as follows: 

Transmission Line Measurements in the Time Domain 

J. Sedlmeyer. Edgerton. Germeshausen. and Grier, 
Las Vegas 

Time Domain Reflectometry as a Design Tool 

Carl Sontheimer. Anzac Electronics. Norwalk 
Scaling of Microwave Components 

H. Poulter and S. Adams. Hewlett-Packard, Palo Alto 

Voltmeter Calibration to 1 GHz 

Myron C. Selby. National Bureau of Standards. Boulder 



Coaxial Line Standards for Measurement of Reflection with 
a Time Domain Reflectometer System 

Jose Cruz. National Bureau of Standards. Boulder 

DC Voltmeters — Accuracy Specification, Traceability, and 
Verification 

Donald F. Schulz, Hewlett-Packard. Loveland 

Extraneous Signals which make DC Voltage Measurements 
Difficult 

Paul G. Baird. Hewlett-Packard, Loveland 

Measurement Errors Introduced by Distorted and Non- 
Sinusoidal Signals when Detected with Peak. Average, and 
RMS Responding Voltmeters 

Marco R. Negrete. Hewlett-Packard, Loveland 

Co-chairmen of the session will be Marco Negrete. Engineering 
Manager of the -hp— Loveland Division, and Darwin Howard, En- 
gineering Manager of the -hp- Oscilloscope Division. 
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